Cosmic quantum optical probing of quantum gravity through a
  gravitational lensLens by Wang, Charles H. -T. et al.
ar
X
iv
:1
70
3.
01
27
2v
2 
 [g
r-q
c] 
 8 
Oc
t 2
01
8
Cosmic quantum optical probing of quantum gravity through a gravitational lens
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Abstract
We consider the nonunitary quantum dynamics of neutral massless scalar particles used to model photons around a massive gravi-
tational lens. The gravitational interaction between the lensing mass and asymptotically free particles is described by their second-
quantized scattering wavefunctions. Remarkably, the zero-point spacetime fluctuations can induce significant decoherence of the
scattered states with spontaneous emission of gravitons, thereby reducing the particles’ coherence as well as energy. This new ef-
fect suggests that, when photon polarizations are negligible, such quantum gravity phenomena could lead to measurable anomalous
redshift of recently studied astrophysical lasers through a gravitational lens in the range of black holes and galaxy clusters.
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1. Introduction
The effort to find a quantum theory of gravity remains as a
key objective of theoretical physics in the 21st century. To bet-
ter guide theoretical development, there has been substantial in-
terest in searching for possible experimental indications [1, 2].
There exist a number of important studies that could lead to
a future detection of quantum gravity effects. Recently, the data
from the first detection of gravitational waves by LIGO [3] have
been analyzed further to search for echoes that would indicate
the Planck-scale structure that some theories predict would ex-
ist on the event horizon of a black hole [4]. Gravitational wave
astronomy is a promising prospect in the effort to sense quan-
tum gravity and there have been recent developments suggest-
ing coherent Rydberg atoms could be sensitive to the zero-point
spacetime fluctuations and stochastic gravitational waves [5].
Attempts to probe quantum gravity can go back as far as
1981, when an argument against semiclassical relativity was
given in Ref. [6], claiming indirect evidence of quantum grav-
ity. While this may be an incomplete dichotomy, as there are
other theories that attempt to “fix” gravity, such as Modified
Newtonian Dynamics [7] and Emergent Gravity [8], it at least
reflects the need to quantize gravity as being increasingly rec-
ognized.
A few years later, Ref. [9] outlined some geophysical exper-
iments that seem to suggest a repulsive term in the full grav-
itational equation, but this had a large uncertainty. Recently,
there have been considerable developments in testing quantum
phenomena in the astronomical domain, noticeably including
tests for vacuum birefringence [10], quantum nonlocality [11],
and indeed attempts to observe spacetime foam as a quantum
gravity effect [12].
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Decoherence is known to be a large problematic factor for
quantum applications that causes qubits to lose quantum infor-
mation [13, 14]. Yet, in exploring quantum nature, decoherence
can provide useful tools [15, 16]. Decoherence is an essen-
tial part of open quantum dynamics, where dissipative interac-
tions with the environment lead to decays from excited states
towards the ground state in systems such as atoms in quan-
tum optics [14, 17]. Recently, much work has been carried out
in regard to gravitational decoherence with more general sys-
tems [5, 18–21].
Any cosmic search for quantum gravitational decoherence
are constrained by sources not emitting coherent radiation.
While pulsars could be potentially considered, since they do
not emit coherently in the optical spectrum, their tests for grav-
itational decoherence using modern quantum optics techniques
may be inviable.
Fortunately, celestial objects known as astrophysical lasers
have been studied in more recent times [22, 23]. These sources
naturally induce a population inversion by one of two methods:
(i) the rapid cooling of ionized plasma, causing electronic re-
combination, and (ii) selective radiative excitation, where emis-
sion lines of similar wavelengths may induce the transition to a
higher state [22, 23].
Therefore astrophysical lasers appear to be suitable radiation
sources for cosmic probing of gravitational decoherence. How-
ever, it has been pointed out that photons and other particles in
free space are insensitive to spacetime fluctuations [19]. While
radiation can undergo gravitational decoherence in a cavity, the
size of the effects are negligible in normal laboratory scales that
limit the quadrupole moments of the quantum system, which
provide the effective coupling to gravitational fluctuations [20].
In view of these recent developments, here we show that
gravitationally lensed coherent optical radiations on the astro-
nomical scale could emerge as a viable test bed for quantum
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gravity through decoherence and the resulting anomalous red-
shift. We consider astrophysical lasers to provide the coherent
optical radiation sources and objects ranging from black holes
to galaxy clusters as lensing masses.
We work in the interaction picture with the relativistic units
where c = 1 unless otherwise stated. The framework of
quantized linearized gravity is adopted with metric signature
(−1, 1, 1, 1) and transverse-traceless (TT) coordinates.
2. Open quantum dynamics of a gravitational lensing sys-
tem
To focus on the gravitational decoherence and the resulting
dissipative phenomena of gravitationally lensed light, here we
will neglect self gravity, environmental gravitational tempera-
ture, and the spin polarizations of the photons and model them
with a neutral massless scalar field φ(r, t) subject to an exter-
nal potential represented by u(r) described by the Lagrangian
density
L = −1
2
ηµνφ,µφ,ν − u φ2. (1)
Writing φ = ψ(r) e−iωt+H.c., we see that the field equation (1) is
satisfied by an effective time independent Schro¨dinger equation
for ψ(r).
We consider a gravitational potential Φ = −GMe−ǫr/r where
M is the lensing mass and ǫ is a small Yukawa parameter to
regularize the infinite range of the Newtonian potential. Here
we consider the wave vector p of the scalar field to have a char-
acteristic norm p = |p| ∼ p∗. This allows us to approximate the
potential function by
u(r) = −2 p2∗GM
e−ǫr
r
.
The effective time independent Schro¨dinger equation for ψ(r)
can then be solved in terms of the Fourier transform
ψq(r) =
∫
ψq(p) e
ip·rd3p
by the approximate expansion
ψq(p) = δ(p− q) +
2GMp2∗
π2[p2 − (q + iǫ)2][|p− q|2 + ǫ2]
analogous to the momentum representation of the Coulomb
scattering wavefunctions [24, 25]. The first term above rep-
resents the plane wave associated with the asymptotically free
particle and the second term represents the scattered spherical
wave due to gravitational lensing. The full scalar field operator
then takes the form
φ =
∫
d3q
√
~
2(2π)3q
aqψq(r) e
−iq t
+ H.c. (2)
in terms of the annihilation operator aq.
Under the Markov approximation which neglects short-term
memory effects [17], the general gravitational master equation
recently obtained in Ref. [18] yields
ρ˙(t) = −8πG
~
∫
d3k
2(2π)3k
∫ ∞
0
ds e−iks
{
[τ
†
i j
(k, t), τi j(k, t − s)ρ(t)] + H.c.
}
. (3)
In the adopted TT coordinates, spacetime fluctuations generally
induce a fluctuating correction to the potential and hence τi j,
which is significant for a harmonic potential [21]. However, for
the present gravitational potential, such corrections are negligi-
ble.
The Fourier-transformed TT stress tensor τi j(k, t) that pro-
vides the coupling between the particles and spacetime fluctua-
tions using Eq. (3) follows from Eqs. (1) and (2) to be
τi j(k, t) =
∫
d3p′d3p′′
[
τi j(k, p
′, p′′) e−i(p
′−p′′)t
+τ
†
i j
(−k, p′, p′′) ei(p′−p′′)t
]
(4)
where
τi j(k, p, p
′) = τ(free)
i j
(k, p, p′) + τ(scat)
i j
(k, p, p′)
in terms of
τ
(free)
i j
(k, p, p′) =
~
2
a
†
p′ap Pi jkl(k)pk pl√
pp′
δ(p− p′ − k)
τ
(scat)
i j
(k, p, p′) =
~GMp2∗
π2
a
†
p′ap Pi jkl(k)√
pp′[|p− p′ − k|2 + ǫ2] ×{ pk pl
|p− k|2 − (p′ − iǫ)2 +
p′
k
p′
l
|p′ + k|2 − (p + iǫ)2
}
.
Here the first term τ
(free)
i j
(k, p, p′) is associated with the asymp-
totically free particle states which does not contribute to the
master equation (3) as discussed in Ref. [19], whereas the sec-
ond term τ
(scat)
i j
(k, p, p′) contains the scattered spherical waves
and contributes to Eq. (3) with decoherence effects.
Considering the gravitational interaction to be weak, we as-
sume the density matrix of the particles to evolve perturbatively
over time so that
ρ(t) = ρ0 + ∆ρ(t)
with |ρ0| > |∆ρ(t)| where ρ0 = ρ(t = 0). Then by substituting
Eq. (4) into Eq. (3), taking the limit t → ∞, i.e. t ≫ 1/p∗, ap-
plying the Sokhotski-Plemelj theorem [18] and neglecting the
nondissipative Lamb-Stark shift terms, and repetitively using
the same argument leading to free particles suffering no Marko-
vian gravitational decoherence [19], we obtain the asymptotic
2
Figure 1: An illustration for quantum gravitational redshift of lensed co-
herent light through spontaneous emission of gravitational waves induced
by spacetime fluctuations. The nonunitary dynamics of coherent light mod-
elled as massless scalar field experience redshift through gravitational lensing,
represented by the blue-to-red colour varying surface, extending from the bright
source in the far view, around a lensing mass represented by the central sphere,
to the Earth in the near view. The background navy curved surface illustrates the
outwards propagating gravitational waves spontaneously emitted by the lensed
light superimposed with random ripples indicating spacetime fluctuations due
to zero-point quantum gravity.
change of the density matrix of the form
∆ρ = − ζ
2
∫
d3k d3p d3q d3p′ d3q′
× δ(k − p + p
′)δ(k + q − q′)Pi jkl(k)
k
√
pp′qq′ [|p− p′ − k|2 + ǫ2][|q − q′ + k|2 + ǫ2]
×
{ pi p j
|p− k|2 − (p′ − iǫ)2 +
p′
i
p′
j
|p′ + k|2 − (p + iǫ)2
}
×
{ qkql
|q + k|2 − (q′ + iǫ)2 +
q′
k
q′
l
|q′ − k|2 − (q − iǫ)2
}
×
{
a
†
q′aqa
†
p′ap ρ0 − a†p′ap ρ0a†q′aq
}
+ H.c. (5)
with ∆ρ = ∆ρ(t → ∞) and a dimensionless parameter
ζ =
32h G3M2 f 4∗
c10
. (6)
In the above, the speed of light c has been restored, h is the
Planck constant, and f∗ = cp∗/2π is the frequency of the par-
ticle. As will be clear below, since this frequency is subject to
a redshift due to quantum dissipation of the particle when scat-
tered by the lensing mass determined by ζ, we will refer to it as
the “redshift coefficient”.
3. Quantum gravitational redshift through gravitational
lensing
To understand the implication of Eq. (5), let us start with
a relatively simple one-particle case. Then the corresponding
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Figure 2: Quantum gravitational redshift of coherent astronomical radi-
ation at different frequencies in the presence of a gravitational lens for a
range of mass scales. As shown, for optical frequencies at 1014– 1015 Hz,
the redshift coefficient ζN can come close to order one with a galaxy cluster
mass for N = 1 to a supermassive black hole mass for N = 1010 . As a result,
the effect could lead to measurable anomalous redshift of gravitationally lensed
radiations from astrophysical lasers as observational evidence of quantum grav-
ity.
matrix elements read
〈p2|∆ρ|p1〉 =
ζ
2
∫
dp
∫
d3Ω
{
F1 〈q|ρ0|p1〉
∣∣∣ q=p2
k=−p+p2
+F2 〈p|ρ0|q〉
∣∣∣q=p+p1−p2
k=p−p2
}
+ H.c. (7)
where
∫
d3Ω =
∫
dΩ(p)dΩ(q)dΩ(k) and F1 and F2 are certain
expressions of vectors p1, p2, p, q, k derived from Eq. (5) with
similar constructions. An isotropic monochromatic radiation
source can be modelled by the initial density matrix
〈p|ρ0|p′〉 =
1
4πp2∗
√
δ(p − p∗)δ(p′ − p∗). (8)
By evaluating Eq. (7) with this initial density matrix (8), we
find that the scattered states contain broadened frequencies no
higher than the initial frequency as 〈p2|∆ρ|p1〉 = 0 for p1 > p∗
or p2 > p∗. It also follows that 〈p2|∆ρ|p1〉 = 0 for p1 , p2
and hence there is no superposition between different redshifted
frequencies in the scattered states.
Therefore the nonunitary dynamics of the particles experi-
ence redshift through gravitational lensing as a result of quan-
tum dissipation. Physically, as illustrated in Fig. 1, the loss
of energy is induced by the spacetime granulation of scat-
tered states having different gravitational energieswith the lens-
ing mass causing spontaneous decay of states accompanied by
spontaneous emission of gravitons. This process can be un-
derstood as the gravitational analogue of the electromagnetic
spontaneous decay of an electron with spontaneous emission of
photons in an atom.
The total probability of transition, i.e. decay ratio, into to
3
redshifted states can be evaluated by tracing ∆ρ as follows∫
p<p∗
〈p|∆ρ|p〉 d3p
∣∣∣∣
ǫ→0
≈ ζ
up to an order one numerical factor. This justifies ζ as the
one-particle redshift coefficient through the described quantum
gravitational lensing mechanism.
For N particles, following the collective quantum analysis in
Refs. [5, 19–21], the gravitational decoherence of N bosonic
particles occupying the same state generally scales with N2, by
virtue of the quadratic dependence of the gravitational master
equation on τi j as in Eq. (3). We therefore introduce the ef-
fective redshift coefficient ζN = ζ N
2 for coherent N-particle
states. Using Eq. (6), we can evaluate ζN for different frequen-
cies, lensing masses and particles numbers.
As shown in Fig. 2, for optical frequencies at 1014– 1015 Hz,
the redshift coefficient ζN can come close to order one with a
galaxy cluster mass for N = 1 to a supermassive black hole
mass for N = 1010. This could lead to measurable anomalous
redshift of gravitationally lensed radiations from astrophysical
lasers as observational evidence of quantum gravity, which may
further guide theoretical work.
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